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Abstract Recently, we used the favorable properties of
9-aminoacridine (9-AA) as matrix for the quantitative analy-
sis of acidic metabolites and glycerophospholipids from ex-
tracts of biological materials [Sun, G., Yang, K., Zhao, Z.,
Guan, S., Han, X., and Gross, R.W. (2007) A shotgun me-
tabolomics approach for rapid analysis of negatively-charged
water-soluble cellular metabolites from mouse heart tissue.
Anal. Chem. 79: 6629-6640; Sun, G., Yang, K., Zhao, Z., Guan,
S., Han, X., and Gross, R.W. (2008) Matrix-assisted laser
desorption/ionization-time of flight mass spectrometric
analysis of cellular glycerophospholipids enabled by multi-
plexed solvent dependent analyte-matrix interactions. Anal.
Chem. 80: 7576-7585.] by MALDI-MS. Herein, we extend
this discovery and identified the selective desorption/ioni-
zation of sulfatides over other examined anionic lipids pre-
sent in lipid extracts of biological samples by MALDI-MS
using 9-AA as matrix. Through this approach, a high through-
put method for the quantitative analysis of low to very low
abundance sulfatide molecular species directly from crude
lipid extracts has been developed. This method possessed a
linear dynamic range of over 1,000-fold, a detection limit at
the high attomole level, and a reproducibility of approxi-
mately 10% deviation. Many potential factors that might af-
fect the quantitation of sulfatide species employing the
method were examined and their effects were found to be
negligible within experimental error.ll Collectively, these
results demonstrate a powerful high throughput method
for the measurement of sulfatides directly from extracts of
biological samples, facilitating the study of sulfatide metab-
olism, trafficking, and homeostasis in health and disease.—
Cheng, H., G. Sun, K. Yang, R. W. Gross, and X. Han.
Selective desorption/ionization of sulfatides by MALDI-MS
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Sulfatides are a class of sulfated galactocerebrosides that
are enriched in both the central and peripheral nervous
systems as well as in kidney, while a small amount
of sulfatides are also present in other organs as well as in
biofluids. Sulfatides play important roles in mediating di-
verse biological processes and in regulating numerous cell
functions (1, 2). For example, sulfatides are able to induce
the generation of oxygen radicals in leukocytes (3, 4) and
neutrophils (5), regulate the cytosolic free calcium level
(6, 7), and modulate platelet function (8, 9).

More importantly, numerous studies have demon-
strated that sulfatides are associated with the pathogenesis
of various human diseases (2). Sulfatides were substantially
depleted in postmortem brain samples from individuals
with very mild Alzheimer’s dementia (10) and significantly
accumulated in those with Parkinson’s disease (11). Sulfatide
content is markedly enriched in human patients and
mouse models of inherited glycosphingolipid disorders
(e.g., metachromatic leukodystrophy) (12-14) and causes
hyperexcitability and axonal degeneration in a mouse
model of metachromatic leukodystrophy (15). Studies
have also demonstrated that altered sulfatide levels may
be potential biomarkers or predictors for the diagnoses
of Alzheimer’s disease (16), cardiovascular diseases (17),
colorectal adenocarcinoma (18), and metachromatic leu-
kodystrophy (19). However, a high throughput approach
for analysis of sulfatides has not been established. Further
increasing the penetrance into sulfatide research requires
an accurate and efficient approach for the rapid identifi-
cation and accurate quantitation of sulfatide molecular
species present in tissues or biofluids.

Various technologies have previously been applied for
the analysis of sulfatides, among which MS has been the
most powerful tool (10,20-23). In comparison to chromato-
graphic and enzymatic methods, which are only capable of
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determining the total mass of sulfatides, MS can unambigu-
ously identify and quantify individual species of sulfatides.
Although ESI-MS is commonly employed for the analysis of
sulfatides (10, 20, 21, 24-26), ESI-MS has limitations with
either time-consuming HPLC separation (24, 26) in LC-MS
method or overlap of ion peaks of sulfatides with glycero-
phospholipids or other sphingolipids and the potential oc-
currence of ion suppression using shotgun lipidomics
approaches if insufficient dilution is present (25). Alkaline
hydrolysis of glycerophospholipids in a lipid extract can
largely eliminate ion peak overlap and ion suppression (27)
but introduces an additional sample preparation step for
sulfatide analysis. In addition, the sensitivity of these previ-
ously developed methods is limited and unable to readily
access the sulfatide content in peripheral tissue samples.

MALDI-MS, a widely used MS technology for analyses of
protein and nucleotide polymers, possesses the potential
for rapid analysis of sulfatides and has showed success in
directly imaging and detecting sulfatide species from bio-
logical tissue samples (28-32). Quantitation of sulfatide
species has previously been demonstrated by MALDI-MS
after converting sulfatides to their lyso forms by saponifica-
tion and sample purification using a C18 column or C18
tips (22, 23). Those methods, however, require large
amounts of material, are labor intensive (due to saponifi-
cation and purification), and are incapable of quantita-
tion of intact sulfatide species.

Recently, we used the special properties of 9-amino-
acridine (9-AA) as MALDI matrix for quantitative analysis
of acidic metabolites (33) as well as glycero(phospho)lip-
ids (34). By use of this matrix, multiple concerns that are
usually associated with MALDI-MS analysis of lipids (e.g.,
the presence of high background resulting from ioniza-
tion of matrix or matrix clusters, severe postsource decay,
multiple adducts, and lipid aggregation) (35, 36) have
been resolved. Utilization of 9-AA leads to a high sensitiv-
ity, minimal background and postsource decay, and quan-
titative analysis of many lipid classes and individual
molecular species with relatively homogeneous distribu-
tion of lipids (34).

Following this line of reasoning, we examined if this
matrix could also be used for the quantitative analysis of
sulfatides with high sensitivity. Herein, we report the util-
ity of 9-AA for the measurement of attomolar amounts of
sulfatide molecular species by MALDI-MS. Moreover, an
over 35-fold selective desorption/ionization of sulfatide
versus anionic phospholipids was demonstrated. Further-
more, quantitation of individual sulfatide species was
determined by ratiometric comparisons of individual
molecular species to the internal standards (37). The lin-
earity of the signal response, dynamic range, sensitivity,
and reproducibility of quantitation were extensively in-
vestigated. After optimization of experimental condi-
tions, the developed method was applied to directly
identify and quantify sulfatide species in a variety of bio-
logical samples, many of which were validated by com-
parisons to previously validated ESI-MS analyses. Finally,
high throughput analysis of 80 samples (four to six spots
per sample) using an Opti—TOF® 384 well plate from lipid
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extracts either without any prior treatment or with a sim-
ple one-step alkaline treatment if necessary was achieved
using data processing through our recently developed
program (38). Collectively, we report a method for the
quantitative and high throughput analysis of cellular sul-
fatide species directly from lipid extracts of biological
samples by MALDI-MS using 9-AA as matrix.

MATERIALS AND METHODS

Materials

9-AA hemihydrate was purchased from Acros Organics
USA (Morris Plains, NJ). 2,5-Dihydroxybenzoic acid (DHB) was
purchased from Sigma-Aldrich Co. (St. Louis, MO). N-Lauroyl
sulfatide (N12:0 sulfatide), bovine brain sulfatides, and soy phos-
phatidylinositol (PI) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). N-Palmitoyl sulfatide (N16:0 sulfatide) was
obtained from Matreya LLC (Pleasant Gap, PA). The levels of
sulfatides that were used as internal standards were quantified by
nuclear magnetic resonance spectroscopy using choline chloride
as standard. Mixtures comprised of these sulfatides were pre-
pared from their stock solution in 1:1 (v/v) chloroform-methanol.
All solvents used in extraction and MS analysis were purchased
from Burdick and Jackson (Muskegon, MI). It should be noted
that the prefix “N” denotes the fatty acyl amide chain and “d’
represents the sphingoid base.

Preparation of lipid extracts

C57BL/6 wild-type male mice (4—6 months of age) were pur-
chased from the National Institute on Aging (Bethesda, MD). All
animal procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals and were approved
by the Animal Studies Committee at Washington University. Mice
were euthanized by asphyxiation with carbon dioxide. Mouse or-
gans were perfused with phosphate-buffered saline plus heparin
to remove possible plasma contamination before dissection.
Brain cortex, spinal cord, sciatic nerves, plasma, kidney cortex,
kidney medulla, liver, and skeletal muscle of mice were harvested
immediately after perfusion. Tissue samples were individually
freeze-clamped at the temperature of liquid nitrogen and pulver-
ized into a fine powder with a stainless steel mortar and pestle.
Protein assays for each individual sample were performed using a
bicinchoninic acid protein assay kit (ThermoFisher Scientific,
Rockford, IL) with BSA as a standard. Approximately 10 mg of
sample powder was weighed from individual tissue sample and
lipids were extracted by the modified method of Bligh and Dyer
(39). A total of 100 pl of plasma sample from each animal was
used to similarly prepare the plasma lipid extracts in the pres-
ence of internal standards (50 pmol/ml plasma). Either N12:0 or
N16:0 or both sulfatides were used as the internal standard(s) for
sulfatide analysis and the amounts of internal standards were var-
ied with the samples as follows: sciatic nerve, spinal cord, brain
cortex, kidney medulla, kidney cortex, skeletal muscle, and liver,
20, 7.5, 4, 0.1, 0.5, 0.025, and 0.025 nmol/mg protein, respec-
tively. Only N12:0 sulfatide was used for analysis of peripheral
tissues (e.g., kidney) due to the presence of a significant amount
of endogenous N16:0 sulfatide. The internal standard(s) were
selected because they represent <0.2% of the most abundant spe-
cies of endogenous sulfatides as demonstrated by MALDI-MS
analysis without addition of the internal standard(s). The final
concentration of each individual lipid extract was reconstituted
by resuspending the lipid content extracted from the amount of
sample of 1 mg of original protein in 1 ml of 1:1 (v/v) chloro-



form-methanol or as specified (the original protein content of
the samples was determined from protein assays). The lipid ex-
tracts were finally flushed with nitrogen, capped, and stored at
—20°C for MALDI-time-of-flight (TOF)/TOF-MS or ESI-MS
analyses.

Alkaline methanolysis of lipid extracts

Alkaline hydrolysis of phospholipids was performed as previ-
ously described (27) with minor modification. Briefly, a small
portion of each individual crude lipid extract equivalent to the
lipid extract from a tissue sample containing 0.1 mg protein was
dried under a stream of nitrogen. Ice-cooled lithium methoxide
solution (1 M, 200 pl) in methanol was added to the dried sam-
ple at 0°C. The reaction mixture was vortexed for 15 s followed by
sonication for 5 min at room temperature. After incubation for 1
h in an ice bath, the reaction was quenched with 2 ml of 1.2%
acetic acid solution. The pH of the quenched reaction solution
should be adjusted to 4 ~5 by addition of acetic acid solution if
necessary. The aqueous phase was washed with hexane (2 ml)
once and the hexane solution was discarded. The lipids located
in the interface of the hexane layer and water layer as well as
those dissolved in the aqueous phase were extracted by the modi-
fied Bligh and Dyer method. The combined chloroform phase
was dried under a nitrogen stream. The residue was reextracted
against a 10 mM aqueous lithium chloride solution. Each indi-
vidual extract was reconstituted in 100 pl of chloroform-metha-

nol (1:1, v/v)/mg of original sample protein after filtering
through a 0.2 pm polytetrafluoroethylene membrane filter,
flushed with nitrogen, capped, and stored at —20°C for MS analy-
sis as specified.

MALDI-MS analyses of sulfatides

Five microliters of lipid extract was diluted to have a concen-
tration of total sulfatides < 500 fmol/pl and/or a concentration
of total lipids < 15 pmol/pl with methanol-water-chloroform so-
lution (86:9:5, v/v/v). After mixing 10 wl of the diluted lipid so-
lution with 10 pul of 9-AA (10 mg/ml) dissolved in a methanol-water
solution (90:10, v/v) or of DHB (5 mg/ml) dissolved in water, 0.7
Wl of the mixture was spotted on an Opti-TOF® 384 well plate
(Applied Biosystems Inc., Foster City, CA). MS analysis was per-
formed using a 4800 MALDI-TOF/TOF Analyzer. A mass spec-
trum of sulfatides was acquired in the negative ion reflector mode
by averaging 3,000 consecutive laser shots (50 shots per subspec-
tra and 60 subspectra) with default calibration. Tandem MS anal-
yses of sulfatides were accomplished using collision-induced
dissociation with the metastable suppressor on and the timed ion
selector enabled. Ion peaks with S/N > 3 were considered to be
potential lipid signals.

ESI-MS analysis of sulfatides

A triple-quadrupole mass spectrometer (Thermo Electron
TSQ Quantum Ultra Plus; San Jose, CA) equipped with a TriVersa
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Nanomate device (Advion BioSciences, Ithaca, NY) and an
Xcalibur operation system was utilized in the study. Lipid ex-
tracts after appropriate dilution in 1:2:4 (v/v/v) chloroform-
methanol-isopropanol were infused at a flow rate of ~150 nl/
min as previously described (40). The temperature of the cap-
illary tube was set at 150°C. Typically, a 2 or 5 min period of
signal averaging in the profile mode was employed for each
MS or MS/MS spectrum, respectively. All MS spectra and tan-
dem MS spectra were automatically acquired by a customized
sequence subroutine operated under Xcalibur software. Data
processing of two-dimensional MS analyses was conducted as
outlined previously (38).

RESULTS AND DISCUSSION

Selectively enhanced desorption/ionization of sulfatides
using 9-AA as matrix

In an initial experiment, we tested the possibility of us-
ing 9-AA as matrix to directly analyze sulfatides from a
lipid extract of mouse brain cortex. Commonly, MALDI-
MS analysis using other matrices and ESI-MS analysis of
mouse brain cortex demonstrate predominant ion peaks
corresponding to deprotonated PI species in the spectra
in the mass range of sulfatides (41, 42). To our surprise,
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750 and 950 (Fig. 1A), which all corresponded to deproto-
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analysis and product-ion analyses (see next subsection).
Moreover, this pattern of sulfatide species was well matched
with that acquired from ESI-MS analysis of alkaline-treated
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noted that the additional peaks or the ion peaks of which
the relative intensities are different in the ESI-MS spec-
trum (Fig. 1B) from those in the MALDI-MS spectrum
(Fig. 1A) represent the chloride adducts of galactosylcer-
amide species alone or overlapping with sulfatide molecu-
lar species. The presence of galactosylceramide chloride
adduct was confirmed by neutral loss of HCI as previously
described (43).

To directly compare the matrix effects on lipid analysis,
we also performed mass spectrometric analyses of the
identical lipid extracts of mouse cortices used for Fig. 1A
by using DHB. Although we also demonstrated a sulfatide-
dominant profile using DHB as matrix (Fig. 1C), the ratio
of the deprotonated PI signal to sulfatide signal (e.g., 18:0-
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20:4 PI at m/z 885.5 vs. N24:1 suflatide at m/z 888.7) is sig-
nificantly higher than that in Fig. 1A using 9-AA as matrix,
indicating a less selective ionization/desorption by using
DHB in comparison to 9-AA. Moreover, mass spectra ac-
quired using DHB clearly displayed a high chemical back-
ground resultant from matrix and low signal to noise ratios
of sulfatides (Fig. 1C). In addition, the profiles of sulfatide
species acquired by MALDI-MS using DHB were different
from those acquired by using 9-AA (Fig. 1A) and by ESI/
MS (Fig. 1B), likely resultant from the poor homogeneity
of the sample spots using DHB. For example, the ratios of
ion peaks at m/z 862.7, 878.7, and 906.7 to the major spe-
cies at m/z 888.7 are much higher in Fig. 1C than those in
Fig. 1A, B. Accordingly, these results from this initial study
not only reveal the selective desorption/ionization of sul-
fatides but also indicate the potential for quantitative anal-
ysis of sulfatide molecular species (including both hydroxy
and nonhydroxy species) by MALDI-MS using 9-AA as ma-
trix (see below).

To further investigate the observed selective desorp-
tion/ionization of sulfatide species over other lipids by
MALDI-MS using 9-AA, we analyzed the mixtures com-
prised of N16:0 sulfatide and soy PI at different molar ra-
tios. The species of 16:0-18:2 PI accounts for 68 mol% of
total mass of soy PI based on ESI-MS analysis. MALDI-MS
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analysis of mixtures consisting of N16:0 sulfatide and soy
PI at ratios from 1:5 to 1:50 showed N16:0 sulfatide ion
peak at m/z 778.54 as the base peak, 16:0-18:2 PI ion peaks
at m/z 833.56 of a relative intensity of less than 10% for the
mixture at the ratio of 1:5 (Fig. 2A) and of a relative inten-
sity of 90% for the mixture at the ratio of 1:50 (Fig. 2B).
These results indicate an at least 35-fold selectivity of des-
orption/ionization of sulfatides over 16:0-18:2 PI (50 x
0.68/0.9 = 38) (Fig. 2). Similar selectivity of desorption/
ionization over other anionic phospholipids was also
determined. It should be noted that the cerebroside spe-
cies as chloride adducts that are present in the ESI-MS
spectra (Fig. 1B) (43) was not detected in MALDI-MS anal-
ysis, which eliminates their potential overlapping with
sulfatide species. It should also be noted that there exist
large amounts of zwitterionic phospholipids in lipid
extracts that can be analyzed by negative-ion MALDI-MS
using 9-AA as matrix under certain conditions (44). How-
ever, these phospholipids did not affect the quantitative
analysis of sulfatide species due to their lower ionization/
desorption response in comparison to that of either PI or
sulfatides.

The selective detection of sulfatide species from other
lipids present in brain lipid extracts using 9-AA in the neg-
ative-ion mode of MALDI-MS could possibly result from
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the minimized post source decay of sulfatide species com-
pared with other anionic lipid species. Because we did not
find apparent fragment ions of anionic phospholipids in
the spectra, we do not believe that post source decay is the
main reason for the selective detection of sulfatide species.
Alternatively, this selectivity could be due to a specific
interaction between 9-AA and sulfatide during laser irra-
diation that can profoundly facilitate the desorption/ion-
ization efficiency of sulfatides. Investigation of the chemical
mechanism underlying the enhanced desorption/ioniza-
tion of sulfatides over other classes of lipids is intriguing,
but because the precise factors resulting in ionization/de-
sorption efficiency for most lipids is unknown, it is beyond
the scope of the study.

Desorption/ionization of a specific lipid class with a
high selectivity has many advantages. For example, it is not
necessary to separate the lipid classes of interest by chro-
matography prior to analysis by MALDI-MS; ion suppres-
sion resulting from other lipid classes does not apparently
existand a high sensitivity of analysis can be easily achieved.
However, when the content of PI species (and/or other
anionic phospholipids or zwitterionic phospholipids)
becomes much more abundant than that of sulfatides in

A 200 fmol/ul of total sulfatides

N12:0 N16:0 sulfatide
1004  suifatide [778.54

722.48 888.66

80+ 890.68

906.67

862.64

Relative Intensity (%)
878.64

=2806.57
++—822.57

0 “ "

™

z

Ba fmol/ul of total sulfatides
N12:0 N16:0 sulfatide

1004 uifatide 778.54
722.48 888.66
80
890.68
60

20

Relative Intensity (%)

700 760 820 880 940 1000
m/

700 760 820 880 940 1000

a lipid extract of a biological sample, e.g., >10-fold, the
inference of those lipid species to the quantitative analysis
of sulfatides cannot be disregarded. In this case, alkaline
treatment of lipid extracts of biological samples (e.g.,
mouse peripheral tissue samples; see below) should be
performed as previously described (27) for sulfatide analy-
sis by MALDI-MS using 9-AA.

Identification of sulfatide species by
MALDI-TOF/TOF-MS

Product-ion analyses of the [M-H] ions of sulfatide
species by MALDI-TOF/TOF-MS demonstrated informa-
tive fragment ions for structural determination. For ex-
ample, the product-ion spectrum of the [M-H] ion at
m/z 888 (Fig. 3A) shows a prominent ion at m/z 97, repre-
senting the HOSO3  ion and other fragment ions at m/z
259 and 241, reflecting the 3-sulfogalactosyl moiety as
previously demonstrated (20). The m/z 259 ion may rep-
resent the galactose 3-sulfate anion (45). Further loss of
water from the m/z 259 ion gives rise to the m/z 241 ion.
These fragment ions indicate the presence of galactose
sulfate. The direct loss of the fatty acyl chain as a ketene
from [M-H] via the NH-CO bond cleavage results in the
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Fig. 4. Determination of the limit of detection or quantitation of MALDI-MS analysis of sulfatides using 9-AA
as matrix. A mixture of N12:0, N16:0, and bovine brain sulfatides at a molar ratio of 1:1:2 was prepared and
MALDI-MS analyses of this mixture after dilution were performed as described in “Materials and Methods.” A:
A negative-ion mass spectrum of the mixture at a concentration of 200 fmol/pl. B: A negative-ion mass spec-
trum of the mixture ata concentration of 4 fmol/ul. C: The linear relationship of the ratios of ion peak intensi-
ties of representative bovine brain sulfatide species and each of the selected internal standards with different
concentrations of the mixture. The data points represent the mean + SD from four mixture preparations at
cach concentration. Note that some error bars are within the symbols. IS, Internal standard.
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m/z 540 ion, which undergoes a loss of water to yield the
m/z 522 ion. The m/z 540 ion can also lead to the m/z 300
ion, corresponding to 1-0-2’-aminoethenyl galactosyl
3-sulfate ion, probably via the combined losses of the
dl18:1 sphingoid base as an aldehyde and H,. These frag-
ment ions together with the m/z 97 ion permit confident
identification of the sulfatide species as d18:1-N24:1 sul-
fatide. These common ions that identify the sphingoid
base, galactose, and fatty acid moieties are present in
product-ion mass spectra of sulfatides consisting of an
o-hydroxy fatty acid substituent and a d18:1 sphingoid
base (d18:1-OH N-FA sulfatide) (Fig. 3B) as previously
described (20).

Quantitation of sulfatide species by MALDI-MS with 9-AA

The identical patterns of sulfatide species of mouse cor-
tical lipid extracts displayed in both MALDI-MS and ESI-
MS spectra (Fig. 1) indicate that MALDI-MS using 9-AA as
matrix can potentially be used for quantitative analysis of
individual sulfatide species directly from lipid extracts of
biological samples. This is due to the fact that quantifica-
tion of sulfatide species by ESI-MS has been previously in-
vestigated (10, 27) and the mass levels of individual
sulfatide species in mouse cortical lipid extracts cover a
wide concentration range.
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To further determine the possibility of negative-ion
MALDI-MS analysis with 9-AA for quantitation of indi-
vidual sulfatide species, three additional series of experi-
ments were performed. First, MALDI-MS analyses of the
mixtures comprised of N12:0, N16:0, and bovine brain
sulfatides at a molar ratio of 1:1:2 at concentrations from
4 fmol/pl to 1 pmol/pl of total sulfatides when spotted
onto the plate were performed (Fig. 4). The peak inten-
sity ratio of each individual species of bovine brain sul-
fatides including hydroxy species versus both N12:0 and
N16:0 sulfatide standards after "°C deisotoping was un-
changed in the examined concentration range (Fig. 4C).
This represents a linear dynamic range of over 200-fold.
Moreover, the virtual linear dynamic range is much
larger than the examined one, because the concentra-
tions of individual bovine brain sulfatide species vary
over 25-fold as demonstrated (Fig. 4A). Therefore, the
limit of detection is in the high amol/ul range. In addi-
tion, we averaged the determined content of each spe-
cies at all examined dilution levels using both N12:0 and
N16:0 sulfatides as standards. The largest standard devia-
tion for quantitative analysis of sulfatide species was un-
surprisingly at the lowest concentration (i.e., 4 fmol/ul
of total bovine brain sulfatides) (Fig. 4C) at which the
effect of background noise was significant (Fig. 4B). The

(@)

© -5 N24:1ST(m/z888) 1-
. —m— OH-N24:0 ST (m/z 906)
. —6— N22:0 ST (m/z 862) X
! —@— N18:0 ST (m/z806) |
' —A— OH-N22:0 ST (m/z 878) '
' —A— N26:1 ST (m/z916) '

log(peak intensity ratio of ST species/IS - 0.0010)

1log(Y-0.0010)=Ig(X)+0.1384 .
' (or Y=1.375X+0.0010) !
v2=0.975 '3

log(molar ratio of ST species/IS)

Fig. 5. Quantitative analyses of sulfatide species by MALDI-MS using 9-AA as matrix. Mixtures comprised of
equimolar N12:0 and N16:0 sulfatides as internal standards and different amounts of bovine brain sulfatides
were prepared and MALDI-MS analyses of the mixtures after proper dilution were performed as described in
“Materials and Methods.” A, B: The negative-ion mass spectra of mixtures at the concentration of 5 and 250
fmol/ pl, respectively. C: The linear log correlation between molar ratios and ion peak intensity ratios of repre-
sentative bovine brain sulfatide species versus both of the selected internal standards. The data points represent
the mean + SD from four mixture preparations of each molar ratio of bovine brain sulfatides to the selected
internal standards. Note that some error bars are within the symbols. IS, Internal standard; ST, sulfatide.
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standard deviations for all sulfatide species at other con-
centrations were less than 10%. These results indicate a
precision (i.e., reproducibility) of approximately 10%
for quantitation of sulfatide species with the developed
method.

Next, we determined the linearity of quantitation using
both N12:0 and N16:0 sulfatides as standards. We mixed
both N12:0 and N16:0 sulfatides (2 pmol/ul of each) with
different amounts of bovine brain sulfatides and diluted
samples to a concentration of total sulfatides < 500 fmol /.l
before mixing with the matrix solution. The mixtures were
analyzed by negative-ion MALDI-MS in the reflector mode
using 9-AA as matrix (Fig. 5A, B). The linearity of peak
intensity ratios of individual bovine brain sulfatide species
and standards after °C deisotoping versus their corre-
sponding molar ratios in the mixtures was analyzed by lin-
ear log plots [i.e., log(Y—b) =1log(X) + ¢, which is derived
fromY =aX + b] as discussed previously (46) (Fig. 5C). An
essentially identical linear correlation was well obtained
for all the species examined, including both nonhydroxy
and hydroxy sulfatides (Fig. 5C), indicating that the de-
sorption/ionization efficiency of this method is molecular
species independent. It should be pointed out that the
correlation coefficients of the linear regression for most of
the individual sulfatide species are much higher than that

of the assembled ones (Fig. 5C) in which the low abun-
dance species generally possess a lower correlation.

In the third set of experiments, we examined multiple
factors that might influence accurate quantitation of in-
dividual sulfatide species (particularly those present in
lipid extracts of biological samples) by negative-ion
MALDI-MS using 9-AA as matrix. We first examined the
effects of the proton concentration on the matrix and
resultant alterations in sulfatide patterns. Through vary-
ing the pH values of the matrix solutions with the addi-
tion of formic acid (0.5%), ammonium acetate (0.1
mM), ammonium hydroxide (1%), or their mixtures be-
fore mixing with lipid samples, we did not find any ap-
parent changes of the peak intensity patterns of the
mixture comprised of N12:0, N16:0, and bovine brain
sulfatides (spectra not shown). We also examined the ef-
fects of ion strength on sulfatide desorption/ionization
and quantitation. In the study, we analyzed the profiles
of sulfatide species of the N12:0, N16:0, and bovine brain
sulfatide mixtures in the presence of different amounts
of ammonium acetate or lithium chloride (varied from 0
to 1 mM of concentrations) and did not find significant
changes of the molecular species patterns of sulfatides.
Moreover, we examined the effects of other coexisting
lipids on quantitative analysis of sulfatide molecular spe-
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Fig. 6. MALDI-MS mass spectra of sulfatides in lipid extracts of mouse spinal cord, kidney medulla, kidney
cortex, and skeletal muscle. Total lipids of spinal cord, kidney medulla, kidney cortex, and skeletal muscle of
mice at 4-6 months of age were extracted by using a modified procedure of Bligh and Dyer against 50 mM
LiCl as previously described (39). Part of the lipid extract of mouse kidney medulla, kidney cortex, or skel-
etal muscle was treated with lithium methoxide as previously described (27). MALDI mass spectra of lipid
extracts of mouse spinal cord (A), kidney medulla (B), kidney cortex (C), and skeletal muscle (D) were ac-
quired by averaging 3,000 consecutive laser shots (50 shots/subspectra with 60 total subspectra) using the
4800 MALDI TOF/TOF Analyzer with 9-AA as matrix. IS, Internal standard; ST, sulfatide.
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cies. To this end, we mixed the sulfatide mixture com-
prised of N12:0, N16:0, and bovine brain sulfatides (total
100 fmol/pl) with either cholesterol (1.2 pmol/ul),
galactosylceramide (300 fmol/ul), or mouse myocardial
lipid extracts (3 pmol/ul). MALDI-MS analyses of these
mixtures after dilution did not show any significant ef-
fects of the presence of other lipids or lipid extracts on
quantitation of sulfatide species (data not shown). It
should be pointed out that the amount of total lipids
might affect the quantitative analysis of sulfatides, likely
due to the effects of lipids on homogeneous distribu-
tion, because the reproducibility was affected if the ra-
tios of total lipids to matrix were exceeded. Therefore,
the total concentration of lipids should be kept as low as
possible or at least < 15 pmol/ul for mass spectral deter-
minations. The level of galactosylceramides, likely due

to its structural similarity, gave the most significant ef-
fect on sulfatide analysis. Finally, we also examined the
effects of solvents on the sulfatide analysis. In contrast to
the positive-ion mode for the analysis of phospholipids
where solvents are critical (34), we found that solvents
used for crystallization of matrix/samples affect sulfatide
analysis only moderately.

Quantitative analysis of sulfatide species in
biological samples

The developed methodology was employed to directly
quantitate the contents of individual sulfatide species in
lipid extracts of a variety of biological samples. These in-
clude spinal cord (Fig. 6A), kidney samples [e.g., medulla
(Fig. 6B) and cortex (Fig. 6C)], skeletal muscle (Fig. 6D),
brain tissues, sciatic nerve, and liver of mice as well as

TABLE 1. Quantitative analysis of sulfatide species in the lipid extracts from a variety of mouse tissue samples and plasma“
Molecular species m/z Plasma’ Liver” Muscle” Kidney cortex” Kidney medulla’ Cortex’ Spinal cord”  Sciatic nerve"
d18:0-N14:0 752.50 8.8+0.7 22.4+3.0
d18:1-N16:1 776.50 63.3+1.6 117.9 £ 14.5
d18:1-N16:0 778.51 101.5+1.2 282.5+27.8
d18:0-N16:0 780.53 75+0.2 19.2+2.1 0.5+0.0 2.1+0.1 2.8+0.1
d18:1-OHN16:1 792.49 0.5+£0.1 04+0.1 3.6+0.4 9.7+1.9 0.1£0.0 0.23+0.02 0.3+0.0
d18:1-OHN16:0 794.51 0.2+0.0 0.9+0.2 78+1.1 50.7 + 4.7 0.4+0.0 1.4+0.1 1.2+0.1
d18:0-OHN16:0 796.52 0.1+0.0 1.6 £0.1 2.7+0.1 0.2+0.0 0.3+0.0
d18:1-N18:1 804.53 24+0.3 0.1+£0.1 0.1+0.0 0.3+0.0
d18:1-N18:0 806.55 1.0+ 0.4 0.2+0.1 1.2+0.2 0.7+0.1 35+0.1 0.4+0.0 1.7+0.2 29+0.1
d18:0-N18:0 808.56 0.2+0.0 0.5+0.0 2.6+0.1 0.1+0.0 0.3 +0.0 0.9+0.0
d18:1-OHN18:1 820.52 0.2+0.1 2.1+0.2 51+0.2 0.1+0.0 0.1+0.0
d18:1-OHN18:0 822.54 0.2+0.0 1.2+0.1 11.7+0.3 0.2+0.0 0.4+0.0 0.5+0.0
d18:1-N20:0 834.58 0.6+0.1 36+0.5 445+2.0 0.1+0.0 0.7+0.1 29+0.1
d18:0-N20:0 836.59 0.2+0.0 4.2+0.1 195+1.9 0.2+0.1 1.1+0.1
d18:1-OHN20:1 848.56 1.6+04 0.1+0.0 16.3+0.9 40.5+£2.3 0.3+0.0
d18:1-OHN20:0 850.57 0.3+0.1 0.5+0.1 359+ 3.2 433.7 + 39.4 0.1+0.0 0.5+0.1 1.6 +0.1
d18:0-OHN20:0 852.59 2.6+0.2 29.7+2.2 0.1+0.0 0.7+0.0
d18:1-N22:1 860.59 9.7+0.2 24.2+25 0.1+0.0 09+0.1 1.1+0.1
d18:1-N22:0 862.61 0.4+0.1 0.4+0.0 1.9+0.3 15.8 +2.1 195.4 + 4.3 0.7+0.1 48+0.4 9.0 0.5
d18:0-N22:0 864.62 0.7+0.1 17.4+£1.0 142.3 + 6.3 0.2+0.0 1.8+0.2 35+0.2
d18:1-OHN22:2 874.57 20+0.5 6.3+0.1 144+ 3.2
d18:1-N23:0 / 876.61 1.2+0.3 0.1+0.0 1.0+£0.2 16.6 + 1.4 136.8 + 3.5 0.4+0.0 1.6 £0.1 2.2+0.1
d18:1-OHN22:1
d18:1-OHN22:0 878.60 1.6 +0.1 0.2+0.0 28+0.6 151.5+16.1 2285.7 + 224.6 1.8+0.1 6.3+0.4 8.5+0.4
d18:0-OHN22:0 880.62 0.8+0.1 146+1.3 215.5 +27.1 0.3+0.0 2.1+0.2 44+0.3
dl18:1-N24:2 886.61 0.7+0.1 0.8+0.1 26.7+1.2 61.0 £5.0 0.2+0.0 1.0+0.2 43+0.4
d18:1-N24:1 888.62 22+0.2 0.9+0.1 6.2+1.1 83.8+2.4 202.4 £16.0 4003 246x2.0 27.3+2.3
dl18:1-N24:0 / 890.64 0.4+0.1 0.7+0.1 11.8 25 55.8+4.7 339.3+7.0 26+03 17.5+2.0 40.8 £2.9
d18:1-OHN23:1
d18:0-N24:0 / 892.65 0.3+0.1 0.1+0.0 3.0+0.6 83.5+13.1 1337.5 + 86.4 1.0+0.1 4.7+0.5 9.3+0.7
d18:1-OHN23:0
dl18:1-N25:1 / 902.62 5.6 +0.5 21.3+2.4 0.1+0.0 0.4+0.0 0.6+0.0
d18:1-OHN24:2
d18:1-N25:0 / 904.62 1.1+£0.2 18.9+2.38 144.6 + 2.8 09+0.1 3.1+0.2 33+0.3
d18:1-OHN24:1
d18:1-OHN24:0 906.63 0.8+0.2 0.2+0.0 6.8+ 1.6 99.6 £ 15.8 1751.3 + 140.2 2.3+0.2 8.6+ 0.6 1563 +1.2
d18:0-OHN24:0 908.65 1.1+£0.3 128 +1.3 166.3 + 13.5 0.2+0.0 1.5+0.2 39+0.3
d18:1-N26:1 916.65 0.6+0.1
d18:1-N26:0 / 918.67 66.5 £ 16.0 0.6+0.0
d18:1-OHN25:1
d18:0-N26:0 / 920.69 76.6 = 3.8 0.4+0.0
d18:1-OHN25:0
Total 155 +2.3 3905 423+86 879.3+58.1 8310.3 +524.3 165+1.3 86.6+58 151.1+9.5

“ Total lipids of each biological sample were extracted by using a modified Bligh and Dyer method as described in Materials and Methods.
Negative-ion MALDI-MS analyses of sulfatide species in the lipid extracts were performed using 9-AA as matrix and quantitation by ratiometric
comparison of the intensity with that of one or two internal standards was obtained as described in “Materials and Methods.” Data represent the

means + SEM of at least six separate animals.
" Data are in pmol/mg of protein.
c . .
Data are in nmol/mg of protein.
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mouse plasma at 4-6 months of age. The quantitative re-
sults were tabulated (Table 1).

MALDI-MS analyses showed that sulfatides were pres-
ent in most tissues examined. As is well known, sulfatides
are very enriched in the nervous system, particularly where
myelin sheath is present, such as spinal cord and sciatic
nerve (Table 1). We also demonstrated that abundant sul-
fatides are also present in kidney medulla, then in kidney
cortex. Small amounts of sulfatides were identified in
other peripheral organs (e.g., skeletal muscle and liver).
Whether sulfatides are synthesized locally in these periph-
eral organs or transported from the nervous system or
from the kidney is unknown at present but is now readily
accessible using the developed method. It should be
pointed out that we have determined the levels of sulfatides
in mouse plasma and found that they are in very low abun-
dance (Table 1), which is different from human plasma,
where sulfatide content is much higher than that present in
mouse plasma as previously reported (23). However, it is
always advised to clean the potential contamination from
plasma sulfatides to the tissue samples through perfusion
prior to the analysis of any tissue samples.

It is intriguing that the composition of sulfatide species
in the peripheral organs is very different from that present
in the central nervous system where d18:1-N24:1 sulfatide
species is always predominant (Fig. 6; Table 1). For exam-
ple, hydroxy sulfatide species are very abundant in kidney
(e.g., the ions at m/z 878.64 and 906.67 in Fig. 6B, C). In
addition, sulfatide species containing sphinganine (d18:0)
(e.g., the ion at m/z 892.66 in Fig. 6B, C) are also very en-
riched in comparison to the counterparts in the nervous
system. These profiles certainly not only reflect the differ-
ent biosynthesis loci but also likely correspond to specific
biological functions in each tissue.

We also noted that there exists a caveat in the devel-
oped method. Sulfatide species can be identified by accu-
rate mass, selective desorption/ionization under the
experimental conditions, and the presence of m/z 97 frag-
ment (corresponding to sulfate) in the product-ion spec-
tra. However, the identities of the fatty acyl substituents or
the sphingoid bases of sulfatide species, particularly those
in low abundance, cannot be directly determined and
must be inferred after assuming the sphingoid base is
sphingosine.

SUMMARY

We exploited the unusual properties of 9-AA for the
selective desorption/ionization of sulfatides over other an-
ionic lipids present in lipid extracts of biological samples
by MALDI-MS. Through this approach, we extended shot-
gun sphingolipidomics to quantitative analysis of very low
abundance sulfatide molecular species present in crude
lipid extracts of biological samples. A broad linear dynamic
range for quantitation of sulfatide species and a detection
limit at the high attomole level were achieved using this
approach. Many potential factors that might influence
quantitation of sulfatide species were examined and their

1608 Journal of Lipid Research Volume 51, 2010

effects are within the acceptable experimental errors un-
der the conditions identified. The developed method is
the most effective and high throughput approach for sul-
fatide analysis demonstrated to date. Accordingly, we an-
ticipate that this methodology should be very useful for
studying sulfatide metabolism, trafficking, and homeosta-
sis at the health and disease states.
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